Late in the course of the chronic lethal infection that follows systemic inoculation of mice with Mycobacterium lepraemurium, enormous numbers (1010 to 1011 per g of tissue) of the organisms, virtually all of them intracellular, are found in the spleen, liver, and bone marrow (BM) (5) . Within these organs, there is a massive accumulation of heavily infected macrophages, which may result either from the local multiplication of resident macrophages or from the recruitment of blood monocytes, the production of which may be enhanced in the BM and spleen. In addition, the presence of M. lepraemurium-infected macrophages in the hematopoietic tissues may have a direct effect on the hematopoietic progenitors and, consequently, on the composition of the peripheral blood.
Infection of mice with Salmonella typhimurium (46) , Listeria monocytogenes (7, 47, 48, 50) , and Brucella abortus (8) has been shown to increase both colony-stimulating activity (CSA) in the serum and the numbers of myeloid progenitors in the BM and spleen. Mirkovitch et al. (31) have shown a large increase of myeloid progenitors in the spleens of susceptible mice that were chronically infected with Leishmania major. Systemic infection of the mouse with Mycobacterium bovis BCG has been shown, early during the disease process, to result in a transient increase of myelopoiesis, with the concomitant depression of erythropoiesis (28, 29) . However, few studies have attempted to determine the influence of chronic infections on both erythropoiesis and myelopoiesis.
In this study, the effects of chronic M. lepraemurium infection on monocytopoiesis and erythropoiesis were measured. M. lepraemurium infection resulted in the virtual abolition of medullary erythropoiesis, an increase of monocytopoiesis in the BM, and replacement of the BM by the spleen as the major hematopoietic organ. Furthermore, high levels of macrophage-colony-stimulating factor (M-CSI) were detected in the serum. * Corresponding author.
MATERIALS AND METHODS
Experimental infection. Male CBA/Ca mice (age, 8 to 12 weeks) were bred locally from stock obtained from the National Institute of Medical Research (London, England) and maintained subsequently under specific-pathogen-free conditions. Inocula of M. lepraemurium (Douglas strain), which was obtained originally from R. J. W. Rees, National Institute of Medical Research, were prepared from the spleens of CBA/Ca mice that were inoculated intraperitoneally 10 weeks earlier. Because M. lepraemurium multiplies only poorly in cell-free medium (36) , inocula must be prepared from organisms that are grown in vivo; however, the quality of the inoculum, in terms of the proportion of viable organisms, has been shown to vary widely in the course of the disease in mice (38) 50 ,ug of streptomycin per ml, and 10% L-conditioned medium (LCM) (24) . After incubation for 7 days at 37°C in a humidified atmosphere of 5% CO2 in air, positive wells (those containing .50 cells) and negative wells were scored. For each dilution, the percentage of negative wells was determined; the logarithms of these values were then plotted as a function of the number of BM or spleen cells seeded. Assuming that the distribution of cells among the wells was described by a Poisson distribution, the dilution determined graphically to yield 37% negative wells was taken to contain an average of one progenitor cell per well (25) . In order to obtain a narrow 95% confidence band, 100 wells from each dilution were plated (25) .
Cloning in semisolid medium. For cloning in semisolid medium (30) (45) . The identity of the hemin was confirmed by its maxima at A390 and A540. The 59Fe content of the tissue homogenates, blood, and hemin was determined in a gamma spectrometer.
Determination of CSA in serum. For the determination of CSA in serum, anesthetized M. Iepraemurium-infected and control mice were bled from the axillary artery, and the blood samples were left at 4°C for 30 min to promote clotting, after which they were centrifuged for 5 min in a microcentrifuge. The separated sera were stored at -20°C. CSA in the sera of infected mice was determined by cloning BM cells in duplicate in semisolid medium. The sera were added to 5 x 104 uninfected BM cells to a final concentration of 7.5% (vol/vol). LCM, which was used as a positive control, was maximally active at this concentration.
Levels of M-CSF were determined by using cells of the 14M1.4 clone (kindly provided by D. Zipori, Weizmann Institute of Science, Rehovot, Israel); these cells are dependent on M-CSF for proliferation (51) . Cells were incubated in Dulbecco modified Eagle medium (Bet Haemek), which contained 10% fetal bovine serum, at a concentration of 1.5 x 103 cells per well in a 96-well flat-bottom plate (Sterilin, Middlesex, United Kingdom). Sera from infected and noninfected mice were added to the wells in triplicate to final concentrations of 1 or 30% and incubated; LCM was added to some of the wells as a positive control. 1,310c (35) 2,110c (57) 280 (7.6) a Hematocrits were measured on individual blood specimens obtained from eight mice; leukocytes and differential counts were measured on the pooled blood of six mice.
b Values are means ± (Student's t values for P = 0.05 times the standard deviations).
c Different from the corresponding values for control mice and those inoculated with 106 M. lepraemurium (P < 0.05) by the quadratic normal approximation (6) , using the actual numbers of cells counted.
Peripheral blood. The hematocrits were inversely related to the number of M. lepraemurium inoculated, whereas the numbers of leukocytes appeared independent of the number of organisms inoculated (Table 2 ). Differential counts of peripheral blood leukocytes of infected mice demonstrated a significant increase in the numbers of polymorphonuclear leukocytes and monocytes and a significant decrease in the numbers of lymphocytes compared with those in control mice. In heavily infected mice, M. lepraemurium was demonstrated in both peripheral blood polymorphonuclear leukocytes and monocytes. A total of 12% of the polymorphonuclear leukocytes and 20% of the monocytes obtained from mice inoculated with 108 M. lepraemurium were found to contain from 1 to 10 organisms, whereas M. Iepraemurium was not detected in the leukocytes of the mice that were inoculated with 106 M. lepraemurium.
Bone marrow. The numbers of cells recovered from the femora of M. lepraemurium-infected mice were smaller than those recovered from the femora of control mice (Table 3) . Depletion of erythroid cells appeared to be more pronounced than that of myeloid cells; the myeloid:erythroid ratios were 2:1, 4:1, and 9:1 in control mice and those inoculated with 106 and 108 M. lepraemurium, respectively. In contrast to the decrease of myeloid and erythroid cells following infection, there was a considerable increase in the population of cells characterized by much cytoplasm and an eccentric nucleus, which were stained by the nonspecific esterase technique, suggesting their macrophage nature (49) . The cytoplasm of these cells contained masses of M. lepraemurium and resembled the pseudo-Gaucher cells described in the BM of patients with disseminated infection by organisms of the Mycobacterium avium-M. intracellulare complex (39) . An increase of the number of uncharacterizable blastoid cells was also noted.
Spleen. The total cellularity of the spleen was 6 times greater, myeloid cells were 23 times more numerous, and erythroid cells were 33 times more numerous in heavily infected mice than they were in control mice (Table 4 ). The number of lymphocytes was also increased in absolute terms, although their proportion was smaller in infected than in control mice. Macrophages laden with M. Iepraemurium made up as much as 10% of the spleen cells of mice that were inoculated with 108 organisms. An increase in the number of blastoid cells, similar to that found in the BM, was also noted.
BFU-E and M-CFU. Erythroid progenitors in the BM and spleen were determined by cloning them in semisolid medium, and monocyte progenitors were determined with a liquid microculture system. The frequency of M-CFU in the femoral BM of heavily infected mice was threefold that in the femoral BM of control mice, whereas the absolute number of M-CFU was only slightly increased (Table 5) . On the other hand, both the frequency and the total number of BFU-E were greatly reduced in the BM of heavily infected mice. In the spleen, there was a many-fold increase of both the frequency and the absolute number of both M-CFU and BFU-E, which corresponded well to the cytological changes. The colonies of M-CFU and BFU-E that developed from infected tissue appeared identical to colonies formed from the tissues of control mice in terms of size, composition, and sequence of differentiation. 59Fe uptake. The effect of M. lepraemurium infection on erythropoiesis was studied further by administering 59Fe. The results ( Student's t value for P = 0.05 times the square root of the number, assuming a Poisson distribution (14) . The 95% confidence limits around the proportions of BM cells were calculated by the quadratic normal approximation (6).
b Different from the corresponding values for both control mice and those inoculated with 108 M. lepraemurium (P < 0.05).
c Different from the corresponding value for control mice (P < 0.05). (28) 5.0 x 107, (11) 1.5 x 108c (32) 4.0 x 107 (8.6) a Each result represents the mean values for a pool of six spleens. The 95% confidence limits were calculated as described in footnote a of Table 3. b Different from the corresponding values for both control mice and those inoculated with 108 M. lepraemurium (P < 0.05).
c Different from the corresponding value for control mice (P < 0.05).
control mice ( The monocytic nature of the colonies suggested that the CSA in serum represented mainly M-CSF. The ability of this serum to stimulate proliferation of the M-CSF-dependent cell line 14M1.4 (51) was tested to verify this possibility. The results (Table 7) demonstrate that there was enhanced M-CSF activity in the sera of both groups of infected mice, in direct proportion to the number of M. lepraemurium inoculated. The M-CSF activity in the serum of mice that were inoculated with 108 M. lepraemurium was approximately equal to that of LCM. Thus, CSA activity in serum, and particularly the activity of M-CSF in serum, were increased in M. Iepraemurium-infected mice, especially late during infection.
DISCUSSION
Chronic infection of mice with M. lepraemurium was found to be associated with severe hypocellularity of the BM. The functional failure of the BM was essentially limited to erythropoiesis, as reflected in the small number of erythroid elements, the reduced uptake of 59Fe into hemin, and a decrease of the number and frequency of erythroid pro- (25) . The 95% confidence limits around the numbers of colonies on semisolid agar were calculated as Student's t value for P = 0.05 times the square root of the number, assuming a Poisson distribution (14) .
b Different from corresponding value for control mice (P < 0.05).
genitors in the BM of infected mice. By contrast, there was a 50% incresae in the number and a threefold increase in the frequency of M-CFU monocytic precursors. These results suggest that decreased medullary erythropoiesis results from the depletion of the erythroid-committed progenitors, rather than from the depletion of pluripotent stem cells or a defect in cell maturation. The decrease of erythropoiesis observed in the BM of infected mice may have resulted from displacement of erythropoietic elements by the M. lepraemurium-laden macrophages, a situation that is presented by space-occupying lesions such as myeloproliferative disorders, Gaucher disease, and metastatic malignancy in humans. However, because erythropoiesis was more affected than myelopoiesis, another or an additional mechanism is suggested. Macrophages are thought to play important regulatory roles in both erythro-and myelopoiesis (2, 10, 21, 27). During infection with M. Iepraemurium, macrophages harboring enormous numbers of M. lepraemurium have been reported to be functionally disabled (15) . Thus, the large numbers of functionally deficient M. lepraemurium-laden macrophages in the BM of infected mice may fail to provide adequate stimuli or, alternatively, may actively inhibit erythropoiesis. Competition among stem cell compartments, a phenomenon similar to that described after systemic inoculation by M. bovis BCG (28, 29) and suggested by the increased proliferation of cells of the myeloid lineage in infected mice, may also account for the reduction of the erythroid pool.
The femur of control mice, which has been reported to account for 7.2% of the total medullary tissue involved in erythropoiesis (4), was found to contain 4.2 x 103 BFU-E (Table 5) ; thus, one may calculate that the BM of control mice contains a total of 5.8 x 104 BFU-E. The observation that the number of BFU-E in the spleen of the heavily infected mice (3.1 x 104) is similar to that found in the BM of uninfected mice indicates that, during infection with M. lepraemurium, the spleen became the major erythropoietic organ. The larger numbers of erythroid cells and the sixfold increase of 59Fe uptake into hemin by the spleens of heavily infected mice support this hypothesis.
In normal mice, the spleen is a relatively active site of hematopoiesis, primarily erythropoiesis but also myelopoiesis (3). Moreover, following radiation-induced ablation of the BM, compensatory hyperplasia of hematopoietic elements has been shown to occur in the spleens of mice (20) . Although the spleen has been shown to contribute to erythropoiesis in mice infected with various protozoa (26, 32, 42) , a major erythropoietic role of the spleen in bacterial infections has not been described. That increased splenic erythropoiesis occurred, despite the presence of large numbers of M. Iepraemurium-laden macrophages, indicates that erythropoiesis is not inhibited in the spleen as it is in the BM, which is perhaps the result of differences in the stromal environment (11) .
The simultaneous increase of splenic BFU-E and the decrease of medullary BFU-E, similar to that which has been described to occur during murine malaria (26) , suggests a redistribution of progenitor cells from the BM to the spleen by way of the circulation. Hara and Ogawa (17, 18) have suggested an accelerated migration of BFU-E from the BM to the spleen, rather than proliferation in situ, during erythropoietic stimulation. However, the possibility that the resident stem cells that were present in the spleen were activated by some factor(s) cannot be excluded.
In spite of the increased splenic erythropoiesis, M. lepraemurium-infected mice were anemic. Several mechanisms could have been responsible for the anemia. Splenic hematopoiesis in the heavily infected spleen may not be sufficient to compensate fully for the loss of erythropoiesis in the BM. M. lepraemurium-infected mice may suffer from the anemia characteristic of many chronic suppurative infections (13) . The greater uptake of iron into the nonhemin fraction of the spleens of infected mice than of control mice, which resembles that described in rats during chronic inflammation (19) , supports this mechanism. Moreover, chronic infection may influence the nutritional state of the mouse, so that anemia results from vitamin or protein deficiency. The increased uptake of 59Fe into the peripheral blood may reflect the release of relatively young erythroid elements from the spleen (30) or the rapid turnover of erythroid cells as a consequence of erythrophagocytosis by the M. lepraemurium-laden macrophages (37a). Finally, increasing splenomegaly may lead to the early destruction of erythrocytes (9) .
The number of splenic M-CFU was also found to increase greatly. The total number of myeloid progenitors per spleen following M. lepraemurium infection was much greater than the numbers found in the course of acute bacterial infections (7, (46) (47) (48) 50) and closely resembled the 60-fold increase found during murine leishmaniasis (31) .
The detection of large concentrations of CSA in heavily infected mice may be of great importance. Unlike the transitory presence of CSA after the injection of mice with other microorganisms (7, 8, (46) (47) (48) 50) (35) .
CSA in serum during M. lepraemurium infection appeared to represent primarily that of M-CSF. Enhanced M-CSF activity has also been described in mice with listeriosis (48) ; that disease is also associated with increased monocytopoiesis. The increase of monocytopoiesis probably occurs because M-CSF induces proliferation and maturation of myeloid progenitors into macrophages (12, 43) or stimulates proliferation and enhances survival of mature macrophages (43) . The increased levels of M-CSF may suggest increased production because of the larger number of macrophages (44) , or that the M. lepraemurium-filled macrophages produce greater quantities of M-CSF than do unparasitized macrophages. Macrophages which have phagocytized bacteria have been shown to produce increased levels of colonystimulating factor in vitro (33) . Parasitized macrophages may also induce production of colony-stimulating factor in distant tissues by the release of soluble mediators, such as interleukin-1 (1). Ha et al. (16) 
